To define the iron absorptive phase across the intestinal mucosa of neonatal pigs, the final SgFe concentration ratio of serosal to mucosal medium of everted gut sac at 1 hr incubation was measured. With .2 btg carrier iron (ferric citrate with molecular weight of 1,500) per milliliter of both the serosal and mucosal medium, the duodenum transported the iron against the concentration gradient from the mucosa to the serosa, wtaereas SgFe concentration ratio of the serosal to mucosal medium of the jejunum and ileum decreased from the initial value 1.0 to less than 1.0. With 100 #g iron per milliliter of the respective medium, however, SgFe concentration gradients of the serosal to mucosal medium of all portions of the intestine were reduced to less than 1.0. When iron concentration of the serosal medium was zero, SgFe concentration ratio of the serosal to mucosal medium under .2/~g iron per milliliter of the mucosal incubation fluid was much higher in the duodenum and jejunum than in the ileum from birth to 7 days of age. With 100 /ag iron per milliliter of the mucosal medium, however, the iron transfer from the mucosal to the serosal medium decreased markedly in the duodenum and jejunum. Accordingly, SgFe concentration ratio of serosal to mucosal medium was similar in all segments of the small intestine under the increased dose. Also, the elevated dose of 300 ~tg carrier iron per centimeter of tied-off small intestine eliminated regional variations of 1Present address: Laboratory of Growth Physiology, Hokkaido National Agr. Exp.
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intestinal absorption for iron. Although jejunum of neonatal pigs did not exhibit the iron transport against concentration gradient from the mucosa to serosa under the low iron concentration of both the mucosal and serosal medium, iron absorptive function of the jejunum was high. Movement of iron across the mucosa to serosa of the everted gut sac increased in all portions of intestine with the elvated iron concentration of mucosal medium. However, net transfer of s9 Fe per gut sac from the mucosal uptake to the serosal medium was relatively lower in duodenum than in the jejunum and ileum, irrespective of the iron concentration in the mucosal medium. The data indicate that the neonatal pig intestine fully provides active and passive transport function for iron and that the serosal site as well as the surface of the mucosal epithelium regulates the iron transfer from the lumen into the body. (Key Words: Iron Absorption, Iron Transfer Across the Mucosa, Everted Gut Sac, Tied-Off Segment, Neonatal Pig.)
Introduction
The iron requirement of neonates increases with rapid growth in the early stages of life. Since, however, vertebrates are limited in their capacity to excrete body iron, their ability to meet the great iron demand is mainly regulated by iron absorption from the gastrointestinal tract. Many in vitro and in vivo experiments with rats have shown that iron is mainly absorbed from the surface of the proximal small intestinal mucosal cell via an active transport process which is adaptive to various stimuli, e.g., pregnancy, low iron diet, increased erythropoiesis. Iron absorption at mucosal level has shown two active mechanisms: (a) mucosal uptake of iron from the lumen and (b) mucosal cell transfer of a portion of this iron across the serosal membrane to the body (Manis and Schachter, 1962a) . It has also been shown that a portion of the iron transports actively from 715 JOURNAL OF ANIMAL SCIENCE, Vol. 49, No. 3 (1979) the serosa to mucosa (Guy and Schachter, 1975) . It has been also reported that iron levels in diets have relatively greater effect on the serosal transfer than on the mucosal uptake of the transport mechanism (Manis and Schachter, 1962b) . Several studies with inhibitors of protein bioshythesis (Greenberger and Ruppert, 1966; Yeh and Shils, 1966) and with the sla (sex-linked anemia) mutant mouse (Bannerman and Cooper, 1966; Manis, 1971) indicate clearly that specific iron-binding proteins play a possible role in iron absorption from the intestine to the body, although a definite identification has not yet been done. Previous experiments Kawabata, 1975, 1976; Furugouri, 1978) have shown that the neonatal pig intestinal cell membrane and cytoplasm have abundant iron-binding substances, and that the iron absorptive system in the mucosa of the neonatal pig is functional at birth and also that the absorbed iron is quickly utilized by red cells or alternatively accumulated in the storage organs. Furthermore, neonatal pig intestine in vivo has exhibited an active absorption for iron under the low test dose in which the duodenum is significantly more effective in total iron absorption and net transport than jejunum and ileum. Since prior experiments of iron absorption have, however, been conducted using the in vivo intestine, the changes in neonatal absorptive phase of iron from mucosa to serosa remain quite obscure.
The purpose of this study is to investigate the iron transport mechanism of neonatal pig intestine with in vitro experiments on the effect of dose of iron on the iron absorptive phase.
Materials and Methods
One-hundred and nine piglets of Yorkshire, Landrace, Hampshire and crosses of these breeds were used for this experiment. They were housed with their dams in indoor farrowing crates. Creep feed was not provided. Additional details of animal care and sow diet has been previously described (Furugouri and Kawabata, 1976) . At birth, piglets were divided into iron treated (29 pigs) and untreated (80 pigs) groups. The treated animals were injected with 1 ml of iron-dextran (100 mg iron) at 3 days of age. Pigs of the untreated group were studied at birth, 3 and 7 days of age, whereas treated pigs were studied at 7 days of age. Piglets were fasted for 5 hr prior to study. The fasted animals were initially anesthetized with ether and subsequently killed by exsanguination.
In the in vitro experiment, the duodenum, jejunum and ileum each approximately 5 cm long were excised and everted over a glass rod. The everted sacs, approximately 3 cm long were rinsed in ice-cold modified Tyrode solution with the following composition, in grams per liter: NaC1, 8.0; KC1, .2; CaC12, .2; MgC12, .1; glucose, 1.0; critic acid, 1.0; Tris-HC1, 3.6; pH 7.3. Each sac was filled with .5 ml of the same medium and put in a 50-ml flask containing 25 ml of the modified Tyrode medium plus 5/~g or 2,500 #g carrier iron and sufficient s9 Fe-labeled ferric citrate to provide adequate counting rates in a well-type universal scaler. The ferric citrate with molecular weight of 1,500 was prepared according to the procedure previously described (Furugouri and Kawabata, 1976) . The final concentration of iron in the incubation fluid was .2/lg/ml or 100/~g/milliliter. Citric acid of serosal medium was increased in proportion to the elevation of ferric citrate in the mucosal incubation fluid. The 50-ml flask was incubated under an atmosphere of 95% 02-5% C02 for 1 hr at 37C. Following incubation, the sacs were removed from the flasks and washed several times with the medium. The total activity of the whole sacs was measured to determine the net transfer of iron from the mucosal medium into the sac. The sacs were then opened and washed several times with the medium to remove SgFe from serosal medium. The radioactivity of the sacs was measured in a well-type universal scaler and compared with the dosing standards. The transport of s9 Fe was expressed as the final concentration ratio of serosal to mucosal medium, total uptake by everted gut sac and net transfer per gut sac from total uptake by the serosal medium.
The absorption of SgFe from neonatal pig intestine in vivo was studied with ligated loops of small intestine. The general procedure has been described previously (Furugouri and Kawabata, 1976) . SgFe-labeled ferric citrate with 300 /2g iron per centimeter of intestine was injected directly into the ligated segments of duodenum, jejunum and ileum, and then the net transport from lumen to carcass and the mucosal uptake of each segment was determined. Details of the chromatographic procedure have been previously described (Furugouri, 1977) . Iron complex transported into serosal medium of everted gut sac was fractionated on a 1.6 • 35 cm column of Sephadex-25 with .05 M saline containing .01 M Tris-HC1 buffer (pH 7.3). Hemoglobin concentration was determined as previously described (Furugouri and Kawabata, 1975) . Results are expressed as mean -+ SE. Student's t test was used to determine the significance of the differences among the portions of intestine, iron treated and untreated groups and .2 /ag/ml and 100 /ag/ml of iron concentration in the incubation fluid.
Results and Discussion
Body weight was similar in iron treated and untreated animals (table 1). Hemoglobin concentration rapidly decreased after birth, to 70% of the birth value at 3 and 7 days of age. However, intramuscular injection of 1 ml of iron-dextran (100 mg iron) at 3 days of age restored hemoglobin level to near the value at birth by 7 days of age.
To define the iron absorptive phase across the intestinal mucosa of neonatal pigs, when the medium bathing the serosal surface contained the same iron concentration as the medium bathing the mucosal surface, the final concentration ratio of serosal to mucosal medium of SgFe at 1 hr incubation was measured (figure 1). With .2 #g carrier iron per milliliter of the respective medium, only everted duodenum sac established an iron concentration gradient between serosal and mucosal medium greater than 1.0. This result indicates that the proximal portion of the small intestine transports iron against the concentration gradient, from the mucosa to the serosa. Unlike the duodenum, however, the iron concentration ratio of the serosal to mucosal medium of jejunum and ileum at 1 hr incubation decreased from the initial value 1.0 to .8 -.9, thus indicating that a portion of the iron transports from the serosal medium into the mucosa. With 100/2g iron per milliliter of both mucosal and serosal medium, however, iron concentration gradients of serosal to mucosal medium of all portions of intestine at 1 hr incubation were reduced to less than 1.0 (figure 1). Accordingly, high absorptive activity is only limited to the proximal intestine of the neonatal pig under a low iron concentration of the respective incubation fluid. With the elevated level of iron in the respective medium, however, the iron transports, on the concentration gradient, from the serosal medium to the mucosa in all portions of the small intestine. Moreover, no significant differences of iron absorption can be detected among the different regions of intestine under the higher dose of iron.
When the iron concentration of the serosal incubation fluid was zero, the final SgFe concentration ratio of the serosal to mucosal medium at 1 hr incubation was as shown in figure 2. With .2/ag carrier iron per milliliter of the mucosal incubation fluid, the final SgFe concentration gradient ratio was much higher in the duodenum and jejunum than in the ileum from birth to the age covered in this study, but with 100 #g iron per milliliter of the mucosal medium, the percentage of iron transfer from the mucosal to the serosal medium decreased markedly in the duodenum and jejunum. Consequently, the final s9 Fe ratio of the serosal to mucosal medium under the increased dose was similar in all segments of the small intestine. Iron treatment had no effect on the s9 Fe ratio of serosal to mucosal medium. These results are consistent with those of the first experiment. Slgmflcantly different from the corresponding value for untreated (P < .O1). 
lO0~(g iron per ml of medium
Iron concentration of medium Figure 1 . Effect of iron concentration of the incubation medium on 59 Fe ratio of serosal to mucosal medium of everted gut sac prepared from different regions of the small intestine of untreated piglets at 7 days of age at 1 hr incubation. Each bar represents the mean -+ SE for 18 to 43 piglets.
Total uptake of SgFe by everted gut sac was consistently higher in the duodenum and jejunum than in the ileum under .2 big carrier iron per milliliter of the mucosal medium (table  2) . With 100 /~g iron per milliliter of mucosal incubation fluid, however, the total uptake of S9Fe was greatly reduced, resulting in a decrease of the regional variations of intestinal absorption for iron.
The in vivo experiment with neonatal pig intestine has shown that the upper portions of intestine have the highest absorptive activity for iron and that the ileum has a smaller absorptive activity (Furugouri and Kawabata, 1976) . Yoshino and Manis (1973) have also demonstrated in an in vivo study with adult rats that duodenum transports iron against electrochemical potential gradient from the mucosal to the serosal surface, whereas the ileum establishes a passive transfer of chemical gradient from the mucosal to the serosal surface and that ferritin and sodium dodecyl sulfate (SDS)-soluble substrate are present in both the duodenum and the ileum in apparently similar quantities, despite the marked difference in transport between these tissues. Additionally, in vitro and in vivo experiments (Chirasiri and Izak, 1966; Wheby and Crosby, 1963) have shown that the rapid phase of iron absorption occurs mainly in the duodenum and jejunum, whereas the slow phase of iron absorption prevails in the ileum The re~nlt~ ~f rh~ nre~enr Although it has been reported that the closure in neonatal pinocytotic activity begins at the duodenum and then proceeds caudally toward the ileum as the piglets age to about 3 el ml of iron-dextran (100 mg iron) intramuscularly at 3 days of age.
weeks and that the upper one-half of the small intestines already has a diminished capacity to internalize macromolecules by 1.5 days of age (Lecce, 1973) , no significant effects of the stage of neonatal pinocytosis on the iron absorptive phase of newborn pigs was observed. Furthermore, no developmental changes in iron absorptive phase was detected among the sites of the pig small intestine from birth through the age covered in the present study. It seems, likely therefore, that neonatal pig intestine fully provides active absorptive function for iron. Although the jejunum of neonatal pigs did not exhibit iron transport against a concentration gradient from the mucosa to the serosa under the low iron concentration of both mucosal and serosal medium, iron absorptive function of the jejunum was rather high. This fact indicates that the iron absorptive function of the neonatal pig intestine is not always correlated with a high absorptive function under a low iron concentration. Also, considering that the jejunum and ileum are much longer than the duodenum and that the ingesta remain longer in the distal intestine than in the proximal segment, it seems likely that the mucosal iron transfer through passive diffusion in the jejunum and ileum plays a significant role in the absorption of an elevated dose of iron.
Although the movement of iron across the mucosa to serosa of the everted gut sac increased in the all portions of intestine with the elevated iron concentration of the mucosal medium, net transfer of s9 Fe per gut sac from the total uptake to serosal medium was relatively lower in the duodenum than in the jejunum and the ileum throughout the age period studied, irrespective of the iron concentration in the mucosal incubation fluid (table 3) . This fact suggests that the serosal surface as well as the surface of the mucosal cell of the upper intestine contributes to the regulation of iron transfer from the gut lumen into the body. It seems likely also that there is a different phase of mucosal iron transport between the upper and lower portions of small intestine. However, this result disagrees with that of our in vivo experiment with a low dose of iron (Furugouri and Kawabata, 1976) . Since it has been proved that the serosal surface of the mucosal cell has the special sensitivity to the changed iron status of the animals (Linder and Munro, 1977) , this discrepancy may be due to the difference of iron content in the mucosal fluid.
Results of the in vivo experiment with tied-off small intestine of piglets at 7 days of age are presented in figure 3 . The elevated dose of 300/.tg iron per centimeter of small intestine eliminated regional variations of iron absorption by the neonatal ligated intestine which had been observed clearly in 12 #g iron dose per centimeter of small intestinal segment (Furugouri and Kawabata, 1976) . The result is similar to the in vitro everted sac experiment in which active absorption of iron in the proximal done milliliter of iron-dextran (100 mg iron) intramuscularly at 3 days of age.
intestine diminished with the increased dose of iron. Typical elution pattern from Sephadex G-25 of serosal medium of everted duodenum gut sac at 1 hr of incubation is shown in figure  4 . SgFe incorporated iron complex transported into serosal medium of everted duodenum gut sac eluted at the same point with Fe-labeled ferric citrate with a molecular weight of 1,500. Terato et al. (1973) have reported that by in vitro experiment using adult mouse intestine, iron chelates and polymers with a molecular weight of 10,000 are similarly transported from the mucosal to serosal medium, but iron polymers with a molecular weight of 100,000 are not transported at all. Although the results of the present study are consistent with those of Terato et al. (1973) , it remains unclear whether iron-binding substances identified previously in the intestinal cell cytoplasma and the membrane of the neonatal pig, (i.e., ferritin peak, transferrin peak, low molecular iron complex and free iron in particle-free fraction and SDS peak in particle fraction, Furugouri, 1977) are involved in the transfer system of the low molecular iron chelate, since the iron carrier in the mucosal cell has not been identified. Sheehan (1976) has reported that the uptake of iron across the brush border is passive and only a function of bioavailability. However, the intervening iron transfer system between the passive uptake and the serosal transfer remain obscure.
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Given the combined results of these experi-ments on isolated intestinal segments in vitro and tied-off small intestinal segments in vivo, it seems likely that neonatal pig intestine fully provides an active and passive transport function for iron and that the serosal site as well as the surface of the mucosal epithelium cell of the intestine regulates iron transfer from the lumen into the body.
